The increase in CO2-injection activities for Capture Carbon and Sequestration (CCS) and Enhanced Oil Recovery (EOR) is pushing the industry and the academia to explore the implications of rock-fluid interactions in full-scale development projects of carbonate reservoirs. Some of the questions are: Do reactions occur at rates that make a substantial impact on petrophysical properties? Are they relevant for CCS and/or oil recovery? How do they impact monitoring strategies? Carbonate reservoirs are notoriously difficult to characterize. Their abrupt facies variations give rise to drastic changes in the petrophysical and mechanical properties of the reservoir. Such heterogeneity, when further associated with variations in rock mineralogy due to diagenetic processes, results in a challenging scenario to model from the pore-to the field-scale. Micro-CT imaging is one of the most promising technologies to characterize porous rocks. The understanding of reactive and non-reactive transport at the pore scale is being pushed forward by recent developments in both imaging capability -3D images with resolution of a few microns -and in modelling techniques -flow simulations in giga-cell models. We present a streamline-based pore-scale simulation method to predict the evolution of petrophysical properties of carbonate cores subjected to CO2 injection at reservoir conditions.
Introduction
The increase in CO 2 -injection activities for both Capture Carbon and Sequestration (CCS) and Enhanced Oil Recovery (EOR) is pushing the industry and the academia to explore the implications of rock-fluid interactions in full-scale development projects of carbonate reservoirs. Some of the main questions are: Do reactions occur at rates that make a substantial impact on petrophysical properties? Are they relevant for CO 2 storage and/or oil recovery? How do they impact monitoring strategies?
Carbonate reservoirs are notoriously difficult to characterize. Their abrupt facies variations give rise to drastic changes in the petrophysical and mechanical properties of the reservoir. Such heterogeneity, when further associated with variations in rock mineralogy due to diagenetic processes, results in a challenging scenario to model from the pore-to the field-scale. Micro-CT imaging is one of the most promising technologies to characterize porous rocks. The understanding of reactive and non-reactive transport at the pore scale is being pushed forward by recent developments in both imaging capability -3D images with resolution of a few microns -and in modelling techniques -flow simulations in giga-cell models [1] .
We present a streamline-based pore-scale simulation method capable of predicting the evolution of petrophysical properties of carbonate cores subjected to CO 2 injection at reservoir conditions (i.e. high pressures and temperatures). Pore-space geometry is obtained using high resolution micro-CT images of carbonate rocks and we simulate reactive flow directly on the voxels of such images. Potential impacts for reservoir development and monitoring will also be discussed. A very important challenge facing the industry is how to incorporate pore-scale reactivity and transport results into field-scale flow simulators. There is an urgent need to develop sensible upscaling techniques and micro-CT imaging and modelling provides invaluable information in that direction.
Methodology
Rock-fluid interactions at the pore scale are modelled with a particle approach. The Navier-Stokes equation for the flow field in the pore space is solved with a finite-volume method. A streamline tracing method describes advective transport semi-analytically [2] , while diffusion is accommodated using a random particle motion. Mineral reaction is governed by the local particle flux at the solid surface, and this flux is analytically related to the batch reaction rate when the kinetics is reactioncontrolled [3] .
Reactive transport is studied under a range of flow and transport conditions, corresponding to different values of the Péclet number. The modelling results are validated against the analytical solution for the dissolution of a planar front and using dynamic imaging data from the injection of brine-dissolved supercritical CO 2 in a carbonate sample [4] .
Simulating carbonate dissolution in micro-CT images
Simulations are performed in a set of carbonate samples of increasing degree of heterogeneity, a beadpack, an oolite and a bioclastic limestone (Figure 1) . The sample-averaged reaction rate decreases as the flow field heterogeneity increases. We also study the effect of changing the flow rate and show that higher flow rates yield higher reaction rates, while still maintaining a regime of quasi-uniform dissolution.
The results indicate a difference of 1-2 orders of magnitude between the laboratory calcite dissolution rate and the averaged sample rates, the sample rate being lower than the laboratory rate (Figure 2 ). Such decrease in the overall dissolution rate is the result of solute transport restrictions to and from the rock grains. This occurs even with all grain surfaces available to reaction and in a relatively homogeneous and chemically uniform sample. Our results suggest that the very large differences observed between laboratory and field-scale reaction rates could, in large part, be explained by the inhomogeneity in the flow field at the pore-scale and the consequent transport-limited flux of Third EAGE/SBGf Workshop 2016 6-7 April 2016, Rio de Janeiro, Brazil reactants at the solid surface. This may have a big impact on the definition of reaction rates used as input into field-scale simulations.
Figure 1 Surface of the rock grains as obtained from segmented micro-CT images --top row. Velocity fields directly calculated on the image voxels with a finite-volume method for the Estaillades limestone (a), the Ketton oolite (b) and the beadpack (c) -bottom row.

Figure 2 Time-lapse images illustrating the influence of the flow rate (Péclet number) on the dissolution patterns. High flow rates yield a more uniform dissolution of the rock (in red, Pe =100), than low flow rates (in green, Pe=10). The Estaillades limestone (a) has a more channelized porespace than the Ketton (b) and the beadpack (c).
Conclusions
Recent advances in micro-CT imaging and modelling enable the development of pore-scale reactive transport methods in real rocks. Such methods are now capable of predicting the evolution of petrophysical properties in carbonate rocks subjected to CO 2 -saturated brine injection at reservoir conditions. Our approach is to consider the Lagrangian framework in which solute advection is performed using a semi-analytical streamline tracing algorithm that obeys the no-flux condition at Third EAGE/SBGf Workshop 2016 6-7 April 2016, Rio de Janeiro, Brazil pore-solid walls with diffusion incorporated using a random walk method. The fact that streamlines are traced semi-analytically greatly improves the computational efficiency of the code and eliminates numerical stability issues. We model dissolution in porous media using real, three-dimensional carbonate samples and our results are validated against an experiment performed at reservoir conditions.
We contend that pore-scale results give valuable insight into the processes governing carbonate dissolution and may provide a starting point to the refinement of upscaling techniques for reactive flows, for both CCS and EOR and also for diagenesis modelling. We show that pore-space heterogeneities are a potential source of discrepancy between macro and micro-scale dissolution rates. Moreover, our methodology can be readily employed to simulate a range of dissolution patterns in heterogeneous carbonates caused by different flow regimes and investigate further the mechanisms by which the complexity of the flow field affect the average reaction rate in heterogeneous rocks.
